INTRODUCTION
Simulation of cycloidal gearbox can be done in software designed for multibody dynamics. Gears have cycloidal shape and it leads to many complications in design of a simulation model. Mechanism of cycloidal gearbox should be assembled from many parts and it leads to many modeling difficulties. In Autodesk Inventor Professional 2017 software, constraints were applied on the component bodies' axes and collision detection tool was used. Idea of constraints is helpful in geometry design of eccentric shafts, which have constraint applied on axes and radial displacement of the pins. In geometrical model, interference of the bodies can lead to numerical problems if an analysis allows contact of the bodies. Collision detection tool in Autodesk Inventor was used to set up a cycloidal gearbox mechanism in starting position without interference of component bodies.
Geometry designed in Autodesk Inventor was imported in MSC Adams engineering software, which is designed for multibody dynamics. Two models based on the imported geometry were designed in MSC Adams. The first model contains only rigid bodies and the second model contains two rigid cycloidal gears and flexible bodies: internal and external sleeves, input and output shafts. Connections between bodies were set up by the application of bearings. Each bearing is a radial-thrust connection which follows its application point on a given component body and rotates with friction during motion of the cycloidal gearbox mechanism.
Geometry prepared in Autodesk Inventor is shown in Figure 1 . It consists of the following bodies: input shaft, output shaft, 8 internal sleeves, 16 external sleeves and 2 cycloidal gears. Model which was prepared in MSC Adams (which is shown in Figure 2 ) consists of the same bodies, but there are also two bearings on the each external sleeve, two bearings on each shaft and one bearing in each cycloidal gear. Contacts was set up between external sleeves and each cycloidal gear and between internal sleeves and each cycloidal gear. Analysis parameters are shown in Table 1 
KINEMATICS OF CYCLOIDAL GEARBOX
Kinematic quantities was determined in the first model. Points "A" and "B", for which kinematic quantities were calculated are shown in Figure 3 . These points lie on the internal cycloidal gear.
Fig. 3. Points "A" and "B" on the internal cycloidal gear, for which position, velocity and acceleration time courses were determined
Time courses of the points' "A" and "B" position components during 18 rotations of input shaft are shown in Figure 4 and 5. In Figure 6 and 7 velocities of these points are shown and in Figure 8 and 9 acceleration of the point "A" is presented. (Fig. 3) (Fig. 3) (Fig. 3) (Fig. 3) (Fig. 3) 6/2018 AUTOBUSY 525 
Fig. 4. Y-components of the points' "A" and "B" displacements

Fig. 5. Z-components of the points' "A" and "B" displacements
Fig. 6. Y-components of the points' "A" and "B" velocities
Fig. 7. Z-components of the points' "A" and "B" velocities
Fig. 8. Y-component of the point's "A" translational acceleration
FORCES ACTING ON EXTERNAL SLEEVES
The advantage of a cycloidal gearbox is that many lobes can work at the same time. Numerical simulation showed forces acting on the external and internal sleeves ( Figure 10 and 11 respectively). Important part of cycloidal gearboxes' optimal design [1, 3, 4, 5] is analysis of the forces acting on sleeves. Information obtained during analysis can be used in further fatigue-life analysis of the sleeves in which significant deformations occur. From Equation (1) and (2) forces acting on the external sleeves were calculated. These results are shown in Table 3 .
, (1) . (2) where: Pmax -maximum force acting on the external sleeve, MC -output torque from the one cycloidal gear, rA -radius of the circle that makes the point of concentration of force lines in the meshing of the cycloidal gear, zb -number of external sleeves, li -force arm from the center of the mentioned circle to the given force line which is normal to the force line, lmax -maximum force arm length. Exemplary arms: NR and SN are shown in Figure 12 .
Fig. 12. Exemplary force arms NR and SN (blue sections), the rA (MN) is the radius of the circle that makes the point of intersection of the force lines (red lines) during motion of the cycloidal gear. L is the center of rotation of the input shaft and N is the eccentric point
Tab. 3. Forces acting on the external sleeves calculated from equation 1 and 2
Sleeve number (Fig. 12 
TORQUE AT OUTPUT SHAFT
Torque at the output shaft given in Figure 13 and 14 was calculated from the Equation (3) and (4) on the basis of forces acting on the internal sleeves ( Figure 11) . (3) (4) where M is the moment at the output shaft, Mn is the moment from n-th internal sleeve, -is the position vector of the given internal sleeve's center of mass, -is the resulting force vector acting on the internal sleeve.
Numerical analysis showed the torque fluctuation at output shaft (Figure 13 and 14) . Peak-to-peak value of the torque at output shaft calculated in the second model is 4.329 Nm and in the first model is 3.316 Nm. Average output torque is 22.305 Nm in the second model and 22.378 Nm in the first model. Measurements [3, 5] showed fluctuation of the input torque. In MSC Adams the spline, which represents input torque fluctuations was defined and applied as an input torque in the cycloidal gearbox's numerical model. These input torque fluctuations are shown in Figure 15 . In Figure 16 torques at output shaft with fluctuations of the input torque and with constant input torque are shown. 
MODAL FLEXIBILITY METHOD
According to [2] , since the Adams/Flex software has been released, MSC Adams uses modal flexibility method for analysis with flexible bodies. Finite element mesh is generated for a flexible body and modal superposition is applied. Deformations of the finite element model's nodes are approximated in the way shown in equation (5) . (5) where: u -modal deformations, M -the number of mode shapes, -mode shape qi -scale factors or amplitudes (modal coordinates). Modal deformations contour plot is shown in Figure 17 and 18. 
CONCLUSIONS
Kinematic analysis showed that the first model, with rigid bodies only, can be used for fast analysis. The number of peaks in Figure 4 -7 corresponds to the number of revolutions of the input shaft. In position and velocity charts, first and second order oscillations are shown. The second order oscillations have higher frequency than the first order ones.
Forces acting on the external sleeves (Table 3) 
